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The failure probabilities of the reactor pressure vessel (RPV) for low temperature over-
pressurization (LTOP) and cool-down transients are calculated in this study. For the cool-
down transient, a pressureetemperature limit curve is generated in accordance with
Section XI, Appendix G of the American Society of Mechanical Engineers (ASME) code, from
which safety margin factors are deliberately removed for the probabilistic fracture me-
chanics analysis. Then, sensitivity analyses are conducted to understand the effects of
some input parameters. For the LTOP transient, the failure of the RPV mostly occurs during
the period of the abrupt pressure rise. For the cool-down transient, the decrease of the
fracture toughness with temperature and time plays a main role in RPV failure at the end of
the cool-down process. As expected, the failure probability increases with increasing flu-
ence, Cu and Ni contents, and initial reference temperature-nil ductility transition (RTNDT).
The effect of warm prestressing on the vessel failure probability for LTOP is not significant
because most of the failures happen before the stress intensity factor reaches the peak
value while its effect reduces the failure probability by more than one order of magnitude
for the cool-down transient.
Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
The reactor pressure vessel which encloses fuel assemblies
under highly pressurized coolant is the most important
component in a nuclear power plant. Therefore, it is impor-
tant to ensure that brittle fracture of the vessel does not occur
during any condition to which the vessel may be subjected
over its service lifetime.g).
sevier Korea LLC on beha
mons.org/licenses/by-ncIn order to evaluate the integrity of the reactor pressure
vessel, either a deterministic or probabilistic fracture me-
chanics (PFM) approach can be used. The deterministic frac-
ture mechanics method, which has been more commonly
used, employs the concept of a safety factor that envelops all
kinds of uncertainties related to operating loadings, material
properties, and damage mechanisms. It seeks a conservative
evaluation by assuming the worst and bounding case. Bylf of Korean Nuclear Society. This is an open access article under
-nd/4.0/).
Table 1 e Thermal properties.
Coefficient of heat transfer
(W/m2/K)
1,817
Poisson’s ratio 0.3
Density (kg/m3) 7,600
Thermal conductivity
(Wm/K)
54.60 at 20 C, 45.80 at 300 C
Specific heat (J/kg/K) 488.722 at 20 C, 568.520 at 300 C
Thermal diffusivity (m2/s) 14.70Ee6 at 20 C, 10.60Ee6 at
300 C
Thermal expansion coefficient
(/K)
1.090Ee05 at 20 C, 1.490Ee05 at
300 C
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Fig. 1 e Flaw distribution and size for VISA-II model.
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of the main parameters and provide a more realistic result
with the use of best-estimate data. Furthermore, the proba-
bilistic method is useful to understand the effect of important
parameters on the failure probability by conducting various
sensitivity analyses. The probabilistic assessment has become
more important recently.
For a pressurized thermal shock (PTS) event, one of the
possiblemajor challenges to the integrity of a reactor pressure
vessel, many probabilistic assessments have been conducted.
In the USA, screening criteria for PTS were determined based
on the results of the PFManalyses [1,2]. From 2009 to 2011, PFM
round robin analyses were performed amongst Asian coun-
tries to establish reliable procedures to evaluate the fracture
probability of the reactor pressure vessel during PTS events
[3,4]. Qian and Niffenegger [5] reviewed several PFM computer
codes and discussed the effects of warm prestressing (WPS)
and fracture toughness on the integrity of the reactor pressure
vessel subjected to PTS. In addition, Qian et al [6] and Qian and
Niffenegger [7] evaluated failure probabilities of the reactor
pressure vessel by considering real crack distribution data,
two different PTS transients, and different toughness curves.
For operating conditions other than PTS, however, fewer
PFM assessments have been done to evaluate the failure
probability of the reactor pressure vessel. Huang et al [8]Table 2 e Mechanical material properties.
Average of initial RTNDT (C) 30 for weld, 0 for base
Standard deviation of initial
RTNDT (C)
10
Formula of DRTNDT Reg. Guide 1.99
Standard deviation of
DRTNDT (C)
0.0
Average of Cu content (wt%) 0.2
Standard deviation of Cu
content (wt%)
0.01
Average of Ni content (wt%) 1.0
Standard deviation of Ni
content (wt%)
0.02
KIc (ORNL average curve) Standard deviation is 15% of
average
KIa (ORNL average curve) Standard deviation is 10% of
average
Flow stress (MPa) 551.6
Young’s modulus (MPa) 2.04E5 at 20 C, 1.85E5 at 300 C
Yield strength (MPa) 489 at 20 C, 423 at 300 C
ORNL, Oak Ridge National Laboratory.performed PFM analyses for boiling water reactor (BWR)
pressure vessels subjected to a low temperature over-
pressurization (LTOP) event. Chou and Huang [9] evaluated
the failure probabilities of a BWR pressure vessel under
normal cool-down transients by considering the revision of
the American Society of Mechanical Engineers (ASME) Section
XI, Appendix G, which allows the use of the KIc curve instead of
the KIa curve for generating pressureetemperature limit
curves. However, further sensitivity studies are required to
understand the effects of different input parameters on the
vessel failure probabilities under the LTOP or cool-down
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Fig. 2 e Pressure and temperature histories of low
temperature over-pressurization.
Table 3 e Transient condition for cool-down.
Initial water temperature (C) 276
Final water temperature (C) 20
Cooling rate (C/hr) 55
Inner pressure Allowable pressure*
* Values determined from the equation KIm þ KIT ¼ KIc.
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Fig. 3 e Pressure and temperature histories of cool-down.
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important in the design but have relatively low probabilities of
causing fractures, are considered for PFM evaluations of the
reactor pressure vessel. For the cool-down transient, a pres-
sureetemperature limit curve is generated in accordance with
the ASME Section XI, Appendix G procedure but without the
margin factors that have been applied to the fracture tough-
ness curve and the stress intensity factor due to pressure. The0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 4 e Temperature and stress histories along the veeffects of the transients, copper (Cu) and nickel (Ni) contents,
initial reference temperature-nil ductility transition (RTNDT),
fluence level, and WPS on the vessel failure probability are
analyzed using a PFM computer code, Reactor-Probabilistic
Integrity Evaluation (R-PIE) [10].2. Problem definition
2.1. Geometries and material properties
The reactor pressure vessel considered in the analysis has an
inner surface radius (R) of 3,200 mm and a base metal thick-
ness (T) of 160mmwithout cladding. Thermal andmechanical
properties (ASTM A533B-1) used in this study are shown in
Tables 1 and 2. The average values of the properties between
20 C and 300 C are considered.
Also, the irradiation shift formula is defined as Eq. (1) ac-
cording to the U.S. Nuclear Regulatory Commission (USNRC)
Regulatory Guide 1.99, Rev.2 [11].
DRTNDT ¼ ðCFÞf ð0:280:10 log f Þ (1)
where CF is the chemistry factor, which is a function of Cu and
Ni content, and f is the neutron fluence (1019 n/cm2, E > 1 MeV)
at any depth in the vessel wall determined as:
f ¼ fsurf expð0:24xÞ (2)
where fsurf is the calculated value of the neutron fluence at the
inner surface of the vessel at the location of the postulated
defect, and x (in inches) is the depth into the vessel wall
measured from the vessel inner surface. The uncertainties of
DRTNDT are described by a normal distribution which is
assumed to be truncated between ± 3 standard deviations
(SD). The SD of DRTNDT is assumed to be 0 C.
The crack postulated is a surface semi-elliptical crack in
the axial direction with an aspect ratio of 6. The inspection
quality employed for the VISA-II model [12] is used for flaw
distribution as shown in Fig. 1 [4].0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 5 e Temperature and stress histories along the vessel wall for cool-down.
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In this study, two types of transients are considered. One of
them is an LTOP transient, which could cause brittle fracture
of the reactor vessel. By referencing an actual recorded LTOP
transient happened in a BWR [13], the pressure and temper-
ature histories with time are determined and provided in
Fig. 2.
The other transient is a normal cool-down condition,
which is prescribed in the design code, such as the ASME code,
Section III. A cooling rate of 55 C/h is used for the analysis.
The allowable pressure for the normal cool-down transient is
calculated in accordance with the Appendix G to Section XI of
the ASME code [14]. First, an axial surface defect with a depth0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 6 e History of the stress intensity factor for low
temperature over-pressurization.(a) of one-fourth of the section thickness and a length of 1.5
times the section thickness is postulated. The requirement to
be satisfied for determination of the allowable pressure at any
temperature during the cool-down transient is:
KIm þ KIt <KIc (3)
where KIm and KIt are stress intensity factors (MPa
ﬃﬃﬃﬃﬃ
m
p
) due to
internal pressure and thermal stress, respectively. KIc is the
time dependent fracture toughness determined by Eq. (4).
KIc ¼ 1:43$f36:5þ 3:084 exp½0:036$ðT RTNDT þ 56Þg (4)
Equation (4) represents the ASME code Section XI lower-
bound KIc curve multiplied by a constant, which was derived
by assuming that the ASME lower bound curve represents0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 7 e History of the stress intensity factor for cool-down.
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reduce any conservatism in the ASME code since best esti-
mate values are recommended for probabilistic assessments.
In the same context, a factor of 2, which is recommend to be
applied to the KIm values for conservatism, is not used in this
study. The value of RTNDT is assumed to be 80.6 C, which is
known as the highest estimated end of life RTNDT for the ma-
terial of interest. The equations for KIt and KIm are:
KIt ¼ 0:579 106  CR t2:5 (5)
KIm ¼ Mm 

pR
t

(6)
Mm ¼ 0:0293
ﬃﬃ
t
p
(7)
where CR is the cool-down rate (C/hour). R and t are the inner
radius (mm) and thickness (mm) of the reactor pressure
vessel, respectively. After calculating the values of KI, KIt, and
Mm, the allowable pressure(p) can be obtained by Eq. (8).0 50 100 150 200 250 300
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For the cool-down conditions of Table 3, the values of
allowable pressure at any temperaturewere determined using
Eqs. (3e8) and are shown in Fig. 3, where the maximum sys-
tem pressure is defined as 7 MPa.3. Analysis
Aprobabilistic fracturemechanics code called R-PIE is used for
the quantitative risk assessment of the reactor pressure
vessel, which consists of two parts, the deterministic analysis
and the probabilistic analysis [10].
For the deterministic analysis, the temperature profile
and the resulting thermal stress along the thickness of
the reactor pressure vessel are calculated from the given0 20 40 60 80 100
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Fig. 10 e Probability of failure due to low temperature over-
pressurization and cool-down.
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from other sources like pressure and residual stresses are
calculated separately. The stress intensity factor from each
stress component is calculated by the RajueNewmanmethod
[16] using the appropriate influence coefficients for flaw
shapes. Then, the stress intensity factors calculated for the
various stress components such as thermal stress, pressure
stress, and residual stress are added to obtain the total applied
stress intensity factor, KI. This method can be readily applied–40 –30 –20 –10 0 10
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Fig. 11 e Effect of initial RTNDT on the probability of failure
for low temperature over-pressurization.to calculate the applied stress intensity factors in the base
metal of the reactor pressure vessel.
In the probabilistic analysis part, a variety of statistical
parameters such as flaw size, neutron fluence, and Cu and Ni
contents, and the RTNDT are simulated for each hypothetical
reactor pressure vessel. From the temperature profile and the
RTNDT, the mean static fracture toughness KIc and the mean
arrest fracture toughness KIa at the tip of the flaws are0.0 0.1 0.2 0.3 0.4 0.5 0.6
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Fig. 13 e Effects of warm prestressing on the probability of
failure for low temperature over-pressurization.
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Fig. 14 e Effects of warm prestressing on the probability of
failure for cool-down.
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XI lower-bound fracture toughness.
Finally, using the mean values and the associated
uncertainties, the fracture toughness values are simulated
to compare with the applied stress intensity factors at the tip
of the flaw. If KI is larger than KIc, the flaw is assumed to
initiate and grow a certain distance. Then, at the new flaw
size, new values of RTNDT, KI, and KIa are determined and
compared. If KI is smaller than KIa, the flaw is considered to be
arrested. Otherwise, the flaw size is increased again and the
arrest check is repeated until the end of the transient. By
repeating the above analysis millions of times, a statistically
significant conditional probability of the vessel failure for0.05 0.10 0.15 0.20 0.25
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Fig. 15 e Effects of copper and nickel content on the probabthe specific thermal hydraulic boundary condition is
determined.
Several parametric analyses are performed in this study to
investigate the effect of transients, Cu content, Ni content,
initial RTNDT, and WPS on the vessel failure probability.4. Results and discussion
First of all, the temperature distributions are calculated and
the stress analysis due to these temperature distributions and
internal pressure are performed using the R-PIE code. Tem-
perature and hoop stress distributions along the wall at
several times are shown in Figs. 4 and 5 for LTOP and cool-
down transients, respectively. The stress variations along
the vessel wall are used to get the stress intensity factors and
the fracture toughness. The history of the stress intensity
factors vs. a/t are shown in Figs. 6 and 7 for LTOP and cool-
down transients, respectively, which shows that stress in-
tensity factors for LTOP increase with increasing time but
those for cool-down do not increase with time. These trends
can be expected by the stress histories along the vessel wall as
shown in Figs. 4 and 5.
The histograms for the number of failures and the number
of observations are shown in Figs. 8 and 9 for LTOP and cool-
down, respectively. For the LTOP transient, most of failure
occurs between 170 minutes and 220 minutes, which corre-
sponds to a period of large stress intensity factors as shown in
Fig. 6. For the cool-down transient, most of the failure occurs
between 201 minutes and 270 minutes, which corresponds to
the period of small values of the fracture toughness due to the
lower temperature for cool-down. Alternatively, almost the
same stress intensity factor due to temperature difference and
pressure ismaintained throughout the cool-down transient as
shown in Fig. 7, but the value of the fracture toughness be-
comes lower and lower according to the cool-down process.
Therefore, most failures occur at the end of the cool-down
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Fig. 16 e Effects of copper and nickel content on the probability of failure for cool-down.
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respect to the fluence. As expected, the probability of failure
decreases significantly as the fluence decreases. The proba-
bility of failure due to LTOP does not vary significantly for
fluence larger than 0.2  1019 n/cm2. The failure probability of
LTOP is lower than that of cool-down for fluence larger than
0.3 1019 n/cm2 in initial RTNDT of30 C. This trend applies in
the sameway for 0.2 1019 n/cm2 in initial RTNDT of15 C and
0.1  1019 n/cm2 in initial RTNDT of 0 C.
The effect of initial RTNDT on the failure probability is
shown in Figs. 11 and 12. The effect of initial RTNDT on the
failure probability is more significant for the lower fluence
region in both transients.
The WPS effect uses the basic premise that a crack will
not initiate when the stress intensity factor is dropping with
time or constant, whether the temperature is dropping or
not [17]. The effect of WPS on the vessel failure for LTOP is
shown in Fig. 13. If the WPS effect is considered, the prob-
ability of failure decreases a little bit and it is not affected
especially for the fluence level of 0.02  1019 n/cm2. In the
case of the LTOP transient, most of the failures happen
before the stress intensity factor reaches the peak value,
such that not many propagating cracks are available to be
stopped by the WPS effect. The effect of WPS on the vessel
failure for cool-down is shown in Fig. 14. If the WPS effect is
considered, the probability of failure decreases a lot for all
fluence ranges by one or two orders of magnitude. For the
very low fluence of 0.02  1019 n/cm2, the effect of WPS is
negligible.
The effects of Cu and Ni contents on the failure probability
are shown in Figs. 15 and 16 for LTOP and cool-down tran-
sients, respectively. As the content of Cu and Ni decreases, the
failure probabilities decrease linearly. The decreasing rates
are almost the same for fluence ranges from 0.1  1019 n/cm2
to 0.5  1019 n/cm2. For the very low fluence of 0.021019 n/
cm2, the effect of Cu and Ni contents is negligible especially
for cool-down because there is no additional irradiation
embrittlement.5. Conclusions
The probabilistic fracture mechanics analyses of nuclear
reactor pressure vessel subjected to LTOP and cool-down
transients were performed using the R-PIE computer code.
The results were compared, and generated the following
conclusions:
 For the LTOP transient, the time when the failure of the
RPV mostly occurs corresponds to the period when a sud-
den rise of pressure occurs. For the cool-down transient,
the decrease of the fracture toughness with temperature
and time plays a main role in the RPV failure at the end of
the cool-down process.
 As the fluence decreases, the probability of failure de-
creases significantly. But the probability of failure does not
vary significantly for fluence higher than 0.2  1019 n/cm2
for LTOP and cool-down.
 The effect of the initial RTNDT on the failure probability is
more significant for the lower fluence region and lower
initial RTNDT.
 The effects of WPS on the vessel failure probability for
LTOP are not significant because most of the failures
happen before the stress intensity factor reaches the peak
value. However, the effects of WPS for cool-down are sig-
nificant for most ranges of fluence with one or two orders
of magnitude
 As the content of copper and nickel decreases, the failure
probabilities decrease linearly. The decreasing rates are
almost the same for fluence ranging from 0.1  1019 n/cm2
to 0.5  1019 n/cm2.Conflicts of interest
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